The self-heating effect in 1.3-m InAs/GaAs quantum dot (QD) lasers with different doping levels has been investigated by comparing the characteristics of the threshold current density ðJ th Þ and modal gain measured in continuous wave and pulsed modes with the heat sink temperature ranging from 20 C to 120 C. The results show that the p-doping can significantly reduce the self-heating effect in QD lasers.
Introduction
The quantum dot (QD) laser has attracted great attention in laser diode research due to its potentially good performance, including high material gain, low threshold current, and high characteristic temperature [1] - [4] . Several methods have been proposed to further improve the performance of QD lasers, such as modulation doping in QD layers [1] - [5] , tunneling injection structures [6] , etc. Within the various investigations on QD lasers, there has been little effort put into studying the self-heating effect on laser performance. Previous studies [7] have shown that the thermal conductivity of QD materials is about one order lower than that of the quantum well (QW) materials and two orders lower than that of the bulk materials due to incoherent phonon scattering by the QDs, which implies that a more serious self-heating effect could be present in QD devices. However, only a few investigations on the self-heating effect in QD lasers have been reported [8] , [9] . In addition, there have not been many studies on the self-heating effect on the modal gain of QD lasers with different doping levels.
In this paper, we report a study of the self-heating effect in 1.3-m InAs/GaAs QD lasers by comparing the device performance operated in the continuous wave (CW) and pulsed modes. Three types of QD lasers with different doping concentrations were measured in CW and pulsed modes with the heat sink temperature setting from 20 C to 120 C. We have measured the thermal resistances ðR th Þ of the three devices and demonstrated significant reductions in the self-heating effect on the threshold current density ðJ th Þ and modal gain of the p-doped lasers, as compared with the undoped laser, which could provide guidance to reduce self-heating effect in QD lasers.
Experimental Details
Three InAs/GaAs QD laser structures (one undoped and two p-doped structures) were grown on GaAs substrates by molecular beam epitaxy (MBE). The laser active region consists of ten layers of InAs (2.32 ML)/In 0:15 Ga 0:85 As (5 nm) QDs and a 33-nm-thick GaAs barrier. For the two p-doped structures, a 10-nm-thick C-doped GaAs layer was located in the middle of each GaAs barrier. [10] , was then formed for electrical and optical confinement. Upon photoresist removal, p-type (Ti/Au) and n-type (Ni/Ge/Au/Ni/Au) contacts were deposited on the top and bottom surfaces of the samples, respectively. Finally, the samples were cleaved into single devices with a cavity length of 1.5 mm.
Results and Discussion
To study the self-heating effect in the QD lasers, we first determine the thermal resistances of the three types of laser devices. Assuming that the emission wavelength ðÞ is a function only of the temperature in the active region, we can derive R th of the devices from the following equation [11] : C under a constant injection current of 100 mA. The spectra are normalized to the strongest one and plotted in linear scale.
where P heat is the heating power, which is the difference between the total injected electric power and the light output power, and T is the temperature of the heat sink. Fig. 1(a) plots the emitted peak wavelength as a function of heating power for the undoped (squares), p-doped (eight acceptors/QD) (circles), and p-doped (16 acceptors/QD) (triangles) lasers, which are extracted from the emission spectra [see the inset of Fig. 1(a) ] obtained by varying the injection current in CW mode at 20 C. In the experiments, the lasing spectra are all obtained from the ground-state emission. The peak wavelength changes linearly with the heating power, the rates of Á=ÁP heat for the undoped, p-doped (eight acceptors/QD), and p-doped (16 acceptors/QD) lasers are 0.063 nm/mW, 0.047 nm/mW, and 0.059 nm/mW, respectively. At a constant injection current, the emission spectra [see the inset of Fig. 1(b) ] of the three devices are measured at heat sink temperature from 20 C to 120 C. The emission peaks are well fitted by linear functions with slope coefficients ðÁ=ÁT Þ of 0.30 nm= C, 0.34 nm= C, and 0.23 nm= C for the undoped, p-doped (eight acceptors/QD), and p-doped (16 acceptors/QD) lasers, respectively [shown in Fig. 1(b) ]. Substituting the values of Á=ÁP heat and Á=ÁT to (1), we can estimate R th of the undoped, p-doped (eight acceptors/QD), and p-doped (16 acceptors/QD) lasers, which are 210 C=W, 138 C=W, and 257 C=W, respectively. Fig. 2 shows the threshold current density as a function of heat sink temperature ranging from 20 C to 120 C measured in CW (solid symbols) and pulsed (open symbols) modes. Compared with the undoped laser, the p-doped (eight acceptors/QD) laser shows a smaller divergence between the curves obtained in CW mode and those obtained in pulsed mode as the temperature increases. This is due to the smaller R th in the device, which implies a faster heat dissipation rate. In addition, less heat is accumulated in the p-doped (eight acceptors/QD) laser due to the lower J th , compared with the undoped laser. Therefore, the difference between the operations of CW and pulsed modes in the p-doped (eight acceptors/QD) laser is less than that in the undoped laser, implying a weak self-heating effect in the p-doped (eight acceptors/QD) laser. For the p-doped (16 acceptors/QD) laser, although it has a larger R th , its characteristic temperature ðT 0 Þ is slightly negative, from 20 C to 100 C in pulsed mode, which implies that even the temperature in the active region is much higher than the heat sink temperature J th of this laser, which can be maintained unchanged or even be reduced due to the negative T 0 . Therefore, the difference between J th of the p-doped (16 acceptors/QD) laser measured in CW and pulsed modes becomes comparable with that of the p-doped (eight acceptors/QD) laser only in the higher temperature range (above 90 C), which is due to the increased threshold current, characteristic temperature, and larger R th in the p-doped (16 acceptors/QD) laser. The peak net modal gain characteristics of the three lasers measured using the Hakki-Paoli method [12] at the heat sink temperature of 20 C, 80 C, and 120 C in CW and pulsed modes are compared in Fig. 3 . At 20 C, the modal gain of the p-doped (16 acceptors/QD) laser in CW and pulsed modes are almost the same due to the good temperature stability. The difference of modal gain in the CW and the pulsed modes in the other two lasers is similar to each other at low temperature. As the heat sink temperature increases to 80 C, the self-heating effect in the undoped and p-doped (eight acceptors/QD) lasers becomes significant. The gain characteristics of both lasers in CW mode shift to higher injection levels, compared with that measured in pulsed mode. The shift in the undoped laser is larger than that in the p-doped (eight acceptors/QD) laser due to the larger R th in the undoped device (note that the horizontal axes in Fig. 3(a) and (b) are in the same scale). For the p-doped (16 acceptors/QD) laser, the gain characteristic in pulsed mode at 80 C performs better than that at 20 C due to the negative T 0 . As the heat sink temperature further increases to 120 C, the gain characteristic of the undoped laser in CW mode shows thermal saturation due to the large accumulated heat. Compared with the p-doped lasers, the difference in the gain profiles between the two operating modes in the undoped laser is more significant, which implies that p-doping can largely suppress the self-heating effect in the laser diodes.
Conclusion
In conclusion, we have studied the self-heating effect on the threshold current density and modal gain of the QD lasers with different doping densities. The results show that QD lasers with doping density of eight acceptors/QD exhibit a weaker self-heating effect compared with the undoped laser due the lower J th and R th . Further increasing the doping density to 16 acceptors/QD will lead to infinite or even negative T 0 . Consequently, even though the self-heating effect in this device is more serious due to the relative large J th and R th , the modal gain measured in CW mode shows similar behavior as that measured in pulsed mode due to the temperature insensitivity in this device. However, the drawback in this device is a large threshold current. Overall, the results indicate that light p-doping density of around eight acceptors/QD in QD laser could suppress the self-heating effect to achieve the same modal gain as the undoped laser with low injection current. This may provide good guidance to future studies on arresting the self-heating effect in QD lasers.
